This paper presents an extensive and fair comparison among the most promising waveform contenders for the 5G air interface. The considered waveform contenders, namely filter-bank multi-carrier (FBMC), universal-filtered multi-carrier (UFMC), generalized frequency-division multiplexing (GFDM) and resource-block filtered orthogonal frequency-division multiplexing (RB-F-OFDM) are compared to OFDM used in 4G in terms of spectral efficiency, numerical complexity, robustness towards multi-user interference (MUI) and resilience to power amplifier non-linearity. FBMC shows the best spectral containment and reveals to be almost insensitive to multi-user interference. It however suffers from its bad spectral efficiency for short bursts and from its poor multiple input multiple output (MIMO) compatibility. GFDM reveals to be the most promising contender, with the best spectral efficiency and the smallest complexity overhead compared to OFDM. It is also the most resilient to multi-user interference after FBMC and is MIMO compatible as soon as the interference can be managed. UFMC and RB-F-OFDM are finally the closest to OFDM and benefit therefore from a better compatibility with existing systems, even if their performance is generally lower than FBMC and GFDM.
Introduction
The fourth generation of cellular networks (4G), Long Term Evolution (LTE), was introduced around 2010. It has essentially been optimized to provide high data bandwidth to strictly synchronized devices like tablets and smartphones [1] . In the near future, it is expected that the mobile internet will massively be used for machineto-machine communications, introducing the concept of Internet-of-Things (IoT). In addition to a growing number of human-driven devices like smartphones with increasing data rates, the future fifth generation (5G) cellular networks will thus have to deal with Machine Type Communications (MTC). This new type of traffic will mainly be operated by low-end sensors. By nature, MTC will be sporadic, composed of small bursts and operated by a huge number of terminals. The 5G air interface will therefore have to meet new requirements. Similarly to 4G, it will have to support users with high data rates but also *Correspondence: mveeckha@ulb.ac.be 1 Université Libre de Bruxelles (ULB), Av. Roosevelt 50, 1050, Brussels, Belgium Full list of author information is available at the end of the article a huge number of machine subscribers for which it must offer communications with low latency and be energy efficient [2] .
The 4G air interface currently relies on a multi-carrier modulation scheme called orthogonal frequency-division multiplexing (OFDM). The multi-carrier nature of this waveform makes it very attractive in multi-path environments since it allows one to consider each sub-carrier as affected by a frequency flat channel. The use of a cyclic prefix (CP) further makes the channel convolution cyclic, enabling an easy single-tap per sub-carrier equalization [3] . However, OFDM suffers from several shortcomings regarding the previously mentioned requirements for the future 5G cellular network [2] . Its sinc-shaped spectrum causes strong out of band radiations limiting its use in highly fragmented spectrum with lots of users. It is also very sensitive to time and frequency offsets, requiring strict synchronization to avoid interference between users. The CP together with the signalling messages required for synchronization introduce a lot of overhead, reducing the spectral efficiency.
New modulation formats must be considered for 5G communications. These new transmission schemes have to keep the OFDM advantages while addressing its drawbacks. They must therefore be more spectrally contained, be robust to time and frequency misalignments and exhibit a reduced overhead.
The most promising waveform candidates mentioned in the literature and that will be deeply investigated in this paper are listed below. They are mainly filtered versions of OFDM. The signal is filtered either on a sub-carrier basis or on a sub-band basis.
-The filter-bank multi-carrier (FBMC) and generalized frequency-division multiplexing (GFDM) modulations filter the transmitted signal on a sub-carrier basis. In FBMC, long frequency-selective filters are used, drastically reducing the signal sidelobes compared to OFDM [4] . In GFDM, this filtering operation is done using a cyclic convolution, avoiding filter tails [5] . This makes GFDM particularly interesting for short bursts. -The universal filtered multi-carrier (UFMC) and resource-block filtered OFDM (RB-F-OFDM) modulations filter the signal on a sub-band basis using sharp filters. UFMC generates each sub-band using a full size inverse fast Fourier transform (IFFT) before filtering the time-domain signal using bandpass filters [6] . RB-F-OFDM rather generates each sub-band with a legacy small size OFDM transmitter and composes the transmitted signal by shifting in frequency the low-pass filtered OFDM signal of each sub-band [7] .
The multi-antenna technology enables a significant increase of the capacity and reliability of the communication links. The friendliness of the new waveforms to MIMO (multi-inputs multi-outputs) is investigated in the literature. Thanks to the use of the quadrature amplitude modulation (QAM) and the fact that they maintain orthogonality in the complex plain, UFMC and RB-F-OFDM offer full MIMO support, enabling the direct application of legacy OFDM MIMO techniques [6] . Due to their inherent self-interference, FBMC and GFDM are less straightforwardly MIMO compatible, especially concerning spatial multiplexing (SM) and space-time coding (STC). For GFDM, paper [8] shows that standard spacetime block codes (STBC) applied directly to data symbols cannot be used. It rather develops a time-reversal-STC (TR-STC) technique shown to outperform STBC OFDM [9] . A dedicated GFDM near-maximum likelihood SM detection scheme able to deal with self-interference is developed in [10] . It is also shown to outperform SM OFDM as it exploits the self-interference as a source of extra frequency diversity. In FBMC, interference also prevent standard STBC Alamouti schemes to be reused for symbol-wise coding. A block-wise coding scheme was therefore designed in [11] . A maximum likelihood SM detection scheme for FBMC able to compensate for the offset-QAM (OQAM) interference is proposed in [12] . Those dedicated STC and SM schemes for FBMC however induce a complexity increase and suffer from a performance loss compared to equivalent OFDM schemes [11, 12] . MIMO schemes for FBMC and GFDM are still under development.
Several studies have already compared some of those waveforms individually to OFDM in a single-input singleoutput (SISO) case. An extensive comparison between OFDM and FBMC is provided in [13] in terms of spectral containment, spectral efficiency and complexity. Effects of time-frequency misalignments in FBMC are investigated in [14] . Benefits of UFMC over OFDM are partially presented in [15] , but this analysis is limited to spectral efficiency aspects. An extensive comparison between the robustness to time-frequency misalignments of UFMC and OFDM is provided in [16] . The complexity aspects are not addressed in [15] and [16] . Paper [17] compares GFDM to OFDM in terms of complexity and spectral containment only, while [7] presents RB-F-OFDM and compares it to OFDM in terms of complexity, spectral containment, and spectral efficiency. The robustness to time-frequency misalignments is not addressed in [7] .
However, no study exists in literature providing an comprehensive and fair comparison among all major 5G waveform contenders. Up to now, [18] and [19] partially address the problem by delivering a comparison between FBMC, UFMC and GFDM. RB-F-OFDM, being one of the most serious candidate because of its similarities with legacy OFDM systems, is however not considered in those two studies.
Moreover, [18] only focuses on the robustness to timefrequency misalignments of the different waveforms in a multi-user scenario. Other crucial aspects to meet new 5G requirements must be considered. Spectral containment is essential for use in a highly fragmented spectrum. Spectral efficiency and complexity are also important to provide low-latency transmissions and have low energy consumption. The robustness comparison to time-frequency misalignments provided in [18] is also somewhat limited since important measures improving robustness to time and frequency offsets are not considered. Paper [18] does not apply block windowing at the receiver in UFMC. The windowing reduces spectral leakage of adjacent asynchronous users [16] . Inserting guard symbols at the beginning and at the end of each block in GFDM improves the performance but [18] does not consider this technique in simulations. Additionally, time windowing can also be applied to each transmitted GFDM block. Although improving the performance, this windowing was not considered in [18] .
A more exhaustive comparison is proposed in [19] , comparing FBMC, UFMC and GFDM in terms of power spectral density (PSD), spectral efficiency, peak-toaverage-power ratio (PAPR) and complexity. Robustness to timing offset (TO) and carrier frequency offset (CFO) in a non-synchronous multi-user scenario is also studied. However, the contribution of [19] is also limited since the spectral efficiency comparison was done considering an additive white Gaussian noise (AWGN) communication channel only. In a multi-path channel environment, guard symbols have to be inserted in GFDM when windowing the blocks at the transmitter to allow proper channel equalization. Similar to OFDM, guard intervals have to be inserted in UFMC to combat inter-symbol interference (ISI) when subject to a multi-path channel. This reduces the spectral efficiency of UFMC and GFDM compared to results in [19] . In terms of complexity, an efficient implementation of FBMC (using frequency spreading) is compared to suboptimal versions of UFMC and GFDM.
Paper [20] also recently proposed an overview of FBMC, GFDM and UFMC. It additionally includes F-OFDM in the comparison and recommends the latter waveform for 5G. However, this study does not contain any complexity analysis and does not take into account GFDM and FBMC when comparing the robustness to adjacent time-frequency misaligned users.
The goal of this paper is thus to provide a fair comparison among the major waveform contenders assuming SISO transceivers as a first step. This study includes RB-F-OFDM and proposes a complexity analysis based on relevant reduced complexity implementations for all waveforms. Effects of guard intervals and windowing operations in UFMC and GFDM are also taken into account.
The rest of this paper is organized as follows. Section 2 will be devoted to a brief review of the different waveforms, providing the necessary background to start the comparison among the contenders. Section 3 introduces the simulation parameters. The comparison of the different candidates in terms of complexity, time-frequency efficiency, robustness towards time-frequency misaligned users and resilience to non-linearity of the power amplifier is provided in Sections 4 to 7. Section 8 concludes the comparison by summarizing the performances of the investigated waveforms.
Throughout this paper, lowercase letters denote timedomain signals. Vectors are denoted by bold letters. Notations N, B, L and n b are used to designate the number of sub-carriers, the number of sub-bands, the length of a filter and the number of multi-carrier symbols, respectively. Letter f denotes transmission filters while g is used for reception filters. Subscript k is used as sub-carrier index while subscript i denotes a sub-band index. Letters l, m and n are time indexes. Symbol CP L is used for cyclic prefix length. Waveform specific notations are defined in their corresponding sections, and important symbols used throughout the paper are recalled in Table 2 .
Candidate air interfaces
The principle of the OFDM transceiver is already well known in the wireless community [21] and will therefore not be presented here. This section introduces the new waveforms considered for 5G broadband communications. To better highlight the operating principles, the presentation focuses on the conventional transceiver schemes. References to reduced complexity implementations are also provided in the Appendix.
FBMC
The operating principle of the FBMC transceiver is illustrated in Fig. 1 . FBMC addresses the spectral containment problem of OFDM by filtering the signal on a sub-carrier basis using a long prototype filter h(n) of length KN. N being the number of sub-carriers, this prototype filter is K times longer than a rectangular OFDM symbol. K is called the overlapping factor since each FBMC symbol overlaps with K neighbouring symbols in the time domain. To avoid inter-symbol interference (ISI), h(n) respects the Nyquist criterion. The usual approach is to define a full Nyquist filter by 2K − 1 symmetric samples in the frequency domain, as proposed in [22] . The full Nyquist filter is split into two identical square root Nyquist filters, used as prototype filters at the transmitter and receiver sides. The corresponding time-domain prototype filter h(n) is generated by taking the KN-point IFFT of a K-point frequency domain square root Nyquist filter of roll-off β = 1.
The transmitted FBMC signal is constructed as follows [23] . For the kth sub-carrier, the input QAM symbols d k (l) are first converted to an OQAM symbol stream s k (n):
where n = 2l. The OQAM stream is thus defined at twice the QAM symbol rate. This stream s k (n) is then up-sampled by a factor N/2 before convolution with the transmission filter f k (m). This filter is a shifted version of the prototype filter centred on the kth sub-carrier:
The transmitted FBMC baseband signal results from the summation of the filtered stream of each sub-carrier:
Assuming a noiseless transmission and a perfect channel, the received symbol at time index n 0 and sub-channel index k 0 is given by:
where
Looking at the transmultiplexer response given in Table 1 , it is clear that the filtering operation destroys orthogonality between sub-carriers. The imaginary part of this transceiver impulse response crosses zero for even time indexes while the real part crosses zero for odd indexes. The OQAM processing described in (1) therefore restores orthogonality since it consists in alternating real and imaginary parts of the QAM symbols in time for a specific sub-carrier while also alternating them between sub-carriers at a same instant. The up-sampling factor of 2 introduced in (1) allows one to maintain the throughput. To recover the estimated QAM symbolsd k (l) at the receiver side, the OQAM demodulation process simply implements the reverse operation of (1).
It must be noted that the use of OQAM prevents legacy MIMO techniques to be reused in FBMC while long filter tails make this scheme less attractive for short bursts. FBMC does also not include any guard period between transmitted symbols. Interference caused by the multipath channel must therefore be compensated by a finite impulse response (FIR) equalizer before OQAM demodulation [25] .
GFDM
The principle of the GFDM transceiver is summarized in Fig. 2 . Like FBMC, GFDM filters each sub-carrier individually. Besides the frequency dimension, it introduces an additional time dimension in data blocks. A GFDM symbol is composed of M QAM symbols for each of the N sub-carriers. GFDM can thus be seen as a parallel SC system with frequency-domain equalization (FDE).
To avoid the long filter tails of FBMC, GFDM filters each sub-carrier using a circular filter defined as:
where f (m) is a root-raised-Cosine (RRC) filter of length MN, spanning the N-up-sampled GFDM symbol and of roll-off β < 1. The circular filtering, also called tail biting, allows one to keep the signal length unchanged before and after filtering. The discrete baseband signal for one GFDM block can thus be expressed as:
where d k (l) is a set of M QAM symbols on the kth subcarrier and m = 0, ..., NM − 1 is the sample index. Before transmission, a CP is inserted in the signal, enabling a single-tap FDE at the receiver.
As in FBMC, the per-sub-carrier filtering introduces inter-carrier interference (ICI). Three common demodulation methods are mentioned in [5] that deals with this interference, namely the matched filter, zero-forcing, and Table 1 Example of transmultiplexer response for K = 4 and even k [24] minimum mean square error receivers. In this paper, the matched filter receiver is used in combination with an Interference Cancellation (IC) algorithm. This approach presents the best trade-off between computational complexity and bit error rate (BER) performance [5] . Since an RRC filter is matched with itself, the receiver filters the signal of each sub-carrier with the same circular RRC filter as the transmitter, i.e.
g(m) =f (m).
Interference can also be considered as due to neighbouring sub-carriers only. ICI is thus suppressed using a double-sided serial interference cancellation (DSIC) scheme. This iterative IC scheme consists in estimating the interference z (i) (m) for each sub-carrier and retrieving it to the received signal y(m). A complete iteration of the algorithm corresponds to the cleaning of all sub-carriers. A sub-iteration consists of cleaning a single sub-carrier and is denoted by index i. The estimated interference of the ith sub-iteration for the kth sub-carrier is given by:
where estimated symbolsd
k are obtained by mapping received symbols d (i) k to the constellation grid. The (k+1)th sub-carrier is cleaned using the most recent estimated data symbols. It was shown by simulation that J = 4 full iterations for the IC algorithm allow a BER performance close to OFDM. No further gain is brought by additional iterations. This IC scheme however prevents legacy MIMO techniques to be straightforwardly applied.
A drawback of the tail biting scheme is that it produces severe discontinuities between successive blocks, degrading the spectral containment. We adopt the solution of [16] to reduce the out-of-band radiations. It consists in applying a MN-point RRC window to each GFDM block after CP insertion. To be robust to multi-path channels, we also drop the first and last time slots of each GFDM block (i.e. we inserted GS = 2 guard symbols), avoiding windowing compensation at the receiver. Figure 3 illustrates the operating principle of the UFMC transceiver. UFMC filters the signal on a sub-band basis. The N sub-carriers composing the bandwidth are subdivided in B sub-bands of C adjacent sub-carriers each. Orthogonality between sub-carriers is maintained. This avoids the use of extra schemes like OQAM modulation and allows legacy MIMO techniques to be reused. We choose to filter each sub-band i with a Dolph-Chebyshev prototype filter f i (m) modulated around the centre frequency of the sub-band. This filter has a length L UFMC and a sidelobe attenuation α. The time-domain signal s i (n) of the ith sub-band before filtering is obtained by parallel to serial conversion (P/S) of the N-point IFFT of d i (l). Vector d i (l) is the C × 1 array of QAM symbols loading sub-band i at time l [15] . For each block of N QAM symbols, the discrete baseband UFMC signal is obtained by summing the filtered signals of each sub-band:
UFMC
where m = 0, ...., N + L UFMC − 1 samples. A zero-padded guard interval of length L UFMC − 1 is introduced in each UFMC block to cope with the time dispersion introduced by the filters. Papers [15] and [26] do however not introduce any extra guard interval in UFMC blocks compared to (8) . This reduces the performance in case of severe multi-path since the time dispersion of the channel cannot be mitigated [27] . We rather propose to introduce an extra zero padded guard interval (ZP) of length ZP L , making a block span N + L UFMC + ZP L − 1 samples. This adds some extra time overhead compared to OFDM but enables a perfect mitigation of the channel time dispersion using a simple 1-tap FDE.
At the receiver side, a 2N-point FFT must be taken after serial to parallel (S/P) conversion to demodulate each UFMC symbol since they span N + L UFMC − 1 + ZP L samples. Only the N even bins of the 2N-FFT are considered to retrieve the data symbols since all odd sub-carriers contain ICI [26] . Data symbols are finally recovered after 1-tap FDE.
RB-F-OFDM
The operating principle of the RB-F-OFDM transceiver is depicted in Fig. 4 . Similar to UFMC, RB-F-OFDM filters the signal on a sub-band basis and orthogonality is maintained, allowing legacy MIMO techniques to be reused. The N sub-carriers spanning the whole bandwidth are also organized in B sub-bands, each composed of C contiguous sub-carriers. UFMC generates each sub-band directly around its centre sub-carrier using a full size Npoint IFFT. RB-F-OFDM rather uses a smaller OFDM transmitter with a R-point IFFT to generate the signal s i (n) of each sub-band i in baseband. As C < R, unloaded IFFT inputs are filled with zeroes. This signal is then upsampled by a factor Q = N/R, and the baseband replica is filtered with a low-pass FIR equiripple filter f (m). As proposed in [7] , this filter spans L RB-F-OFDM samples, with a passband of C sub-carriers, a stop-band starting at the Rth sub-carrier, a stop-band slope of γ and a sidelobe attenuation α. The baseband replicas are finally modulated around the centre sub-carrier of each sub-band. The discrete baseband RB-F-OFDM signal results from the summation of those modulated sub-band signals:
where k i is the centre sub-carrier of the ith sub-band. The receiver simply implements the reverse operations of the transmitter, using the same prototype filter g(m) = f (m). Thanks to the CP insertion in the small OFDM transmitter, channel equalization can be simply performed using a 1-tap FDE. This CP insertion happens at a low rate and must cover transmission and reception 
filtering operations. To offer the same robustness as a legacy OFDM transmitter with a CP length of CP L , the CP in RB-F-OFDM must span
samples.
Simulation scenario
The next sections are dedicated to a detailed comparison of the waveform candidates on key criteria for an application in 5G. All comparisons are conducted using parameters based on a typical 10-MHz bandwidth LTE scenario [28] . Those parameters are expected to remain representative for 5G broadband communications. General simulation parameters are listed together with waveform specific parameters in Table 2 .
The performance study is organized as follows. Each comparison criterion is studied in a dedicated section, and a performance metric is introduced for each criterion. Those metrics are summarized in Fig. 12 providing a global performance overview. 
Performance metric
The spectral efficiency can be defined as the product of the time efficiency r t with the frequency efficiency r f :
This spectral efficiency metric is proposed in [15] for UFMC only. It is a more relevant metric than the spectral efficiency defined in [19] that only takes into account the time overhead but discards the impact of out-of-band (OOB) emissions.
The frequency efficiency characterizes the spectral containment of each waveform and is defined as: (12) where N is the number of active sub-carriers equal to 600 in the LTE standard for a transmission bandwidth of 10 MHz. N guard is the number of guard sub-carriers to insert after the allocation edge to reach an OOB PSD of −25 dB/Hz. Figure 5a illustrates the PSD of the different waveform candidates near the allocation edge. In this figure, N guard corresponds to the difference between the sub-carrier index of the allocation edge and the subcarrier index corresponding to the last intersection of the PSD curve and the reference line at −25 dB/Hz. The time efficiency quantifies the time overhead introduced in a transmission. It is defined similarly to [15] as:
where D L is the number of samples in the transmitted signal dedicated to data and T L is the number of overhead samples (CP, filter tails,...). For all waveforms, D L = n b × N. Symbol n b denotes the number of transmitted multi-carrier symbols in a burst.
Performance comparison
It is clear from Fig. 5a that FBMC and GFDM are the most frequency efficient waveforms. The PSD of UFMC and RB-F-OFDM drops more slowly near the allocation edge since they are filtered on a sub-band basis. With its sinc-shaped spectrum, OFDM has the worst performance. The number of overhead samples T L required to determine the time efficiency (13) are provided below for each waveform.
• In OFDM, the overhead is exclusively due to the CP insertion:
• FBMC introduces a long filter tail in the signal that is independent from the length of the burst: This is particularly inefficient for small bursts.
• Compared to OFDM, UFMC introduces a filter tail L UFMC in each block additionally to a zero prefix of same length as the OFDM CP:
• In GFDM, two guard symbols (GS) must be introduced, dropping the first and last time slots in each block. Additional to the N × GS overhead samples introduced in each block, the number of GFDM transmitted blocks n bGFDM = n b /M must be multiplied by GS+M M to transmit the same number of symbols. This leads to:
• In RB-F-OFDM, R − C zeroes are inserted to pad the small size IFFT in each block and a cyclic prefix is inserted at a low rate. The signal is up-sampled by a factor Q and filtered by a prototype filter of length L RB-F-OFDM . This gives:
The resulting time-frequency efficiency is illustrated in Fig. 5b for all waveforms. The impact of the time efficiency dominates the impact of the frequency efficiency. Time-frequency efficiencies of Fig. 5b are closely related to those time efficiencies. With no filter tails, thanks to tail biting, with its reduced CP overhead due to an increased block size and with its good spectral containment, GFDM is the more time-frequency-efficient waveform for short to medium bursts. It is outperformed by FBMC for long bursts. FBMC seems however not suited for short bursts where it is penalized by its long constant filter tails. Even if they are better spectrally contained, RB-F-OFDM and UFMC are outperformed by OFDM due to their extra filter tails. RB-F-OFDM is less time-frequency efficient than UFMC due to the extended CP that must cover filters and due to the extra zeroes inserted in the small OFDM transmitter. Those results are summarized in the radar plot of Fig. 12 where r tf is computed for both short and long bursts, i.e. for n b = 1 and n b = 30, respectively, in Fig. 5b .
Robustness to time-frequency misaligned users
5G is expected to support a huge density of terminals. As outlined in [16] , synchronicity will therefore be relaxed compared to LTE to limit the required transmission and complexity resources. This will however introduce multiuser interference (MUI) due to the residual TO and CFO between users. It is crucial that the air interface limits this loss of orthogonality.
Performance metric
In this paper, the robustness to time-frequency user misalignment is characterized by measuring the MUI induced by asynchronous adjacent users to a perfectly synchronized user of interest in the uplink frequency-division multiple access (FDMA) scenario defined in [16] . As illustrated in Fig. 6 , two adjacent interferers are considered, each spanning nine LTE resource blocks (RB) and affected by the same non-zero residual CFO and TO τ . Those CFO and TO values are, respectively, defined relative to the sub-carrier spacing and to the length of an multicarrier symbol. They are randomly chosen in the uniform interval [ −0.5, 0.5]. The user of interest (UoI) spans three RB's and is not affected by any TO nor CFO. The MUI is assessed by measuring the mean square error (MSE) on the received symbols of the UoI. The metric summarizing the robustness of each waveform to the MUI is computed by measuring the number of guard subcarriers to introduce between the user signals to make sure the MSE of the UoI reaches −30 dB.
Performance comparison
The robustness of each waveform to time-frequency misaligned users is illustrated in Fig. 7 depicting the MSE of the UoI as a function of the relative power of the interferers in the uplink asynchronous FDMA scenario. A noiseless transmission over a perfect channel is assumed. Making the power of the interferers vary simulates the potentially varying distances from the interferers in a dense scenario. As a first step, we consider that there is a single guard sub-carrier between the asynchronous users. It is the minimum value required by FBMC and GFDM to maintain the orthogonality between users even if they are perfectly synchronized. When no guard sub-carrier is inserted, the OQAM process and the iterative DSIC are indeed unable to mitigate interference on the neighbouring sub-carriers between adjacent users. It is clear from Fig. 7 that FBMC is least sensitive to the MUI, followed by GFDM while UFMC and RB-F-OFDM only slightly outperform OFDM in this case. Those performance differences can be explained using the reasoning developed in [18] .
In a perfectly synchronized scenario, FBMC maintains the orthogonality between users, thanks to its excellent spectral containment. For all other waveform candidates including OFDM, the orthogonality between users comes from the perfect alignment of transmission and reception windows. The MUI introduced by time and frequency misalignments between users is closely linked to the spectral leakage due to transmission and reception filters.
As OFDM only applies a rectangular window at the transmitter and the receiver, it is logically the most sensitive to MUI.
The excellent performance of FBMC is explained by the long frequency-selective filters applied on a sub-carrier basis at the transmitter and the receiver.
GFDM filters each sub-carrier individually at the transmitter and the receiver but uses a circular convolution. Discontinuities between blocks due to tail biting are attenuated by windowing the transmitted blocks before transmission. This reduces the spectral leakage at the transmitter. Paper [16] showed that inserting two guard symbols as done here further enhances the spectral containment. Figure 7 proves that windowing and inserting two GS indeed makes GFDM less sensitive to MUI, performing close to FBMC.
Even if RB-F-OFDM also applies filters at the transmitter and the receiver, those filters are applied on sub-bands and not on sub-carriers individually. This reduces the MUI robustness since spectral leakage is less attenuated and makes RB-F-OFDM less spectrally contained than GFDM and FBMC. RB-F-OFDM therefore only slightly outperforms OFDM when one guard sub-carrier between users is considered.
As UFMC only filters the signal on a sub-band basis at the transmitter, spectral leakage cannot be mitigated at the receiver without extra processing. In practice, the MUI performance of UFMC was improved by applying a raised cosine window on the received signal before the 2N-point FFT at the receiver. This window spans N + ZP L + L UFMC − 1 samples. This windowing introduces a convolution effect in the frequency domain explaining the saturation of the MSE when the power of the interferers becomes negligible compared to the UoI. Figure 7 however shows that it globally improves the MUI robustness since UFMC slightly outperforms RB-F-OFDM for P UoI /P interf < 20 dB. Saturation effects for FBMC and GFDM are, respectively, due to the residual interference of the transmultiplexer and to the limited efficiency of the DSIC.
The MUI robustness of each waveform is summarized in Fig. 12 by reporting the guard band to insert between users to reach an MSE of −30 dB for the user of interest. Those necessary guard sub-carriers N guard are reported in Table 3 , considering the same power for the interferers and the user of interest.
When spacing adjacent users in frequency, the MUI robustness of UFMC and RB-F-OFDM is considerably improved compared to Fig. 7 . This is due to the per subband filtering of those waveforms reducing drastically the OOB emissions in the far band while this containment remains limited next to the allocation edge. FBMC and GFDM that are filtered on a sub-carrier basis have already an excellent spectral containment near the allocation edge, explaining their good MUI robustness even for a limited frequency spacing between users. OFDM is logically far behind new waveforms.
Numerical complexity
Since new waveforms apply extra filtering operations compared to OFDM, a complexity analysis is required to ensure that the introduced complexity overhead does not compromise the energy efficiency of the air interface.
Performance metric
The numerical complexity of each contender is evaluated as the number of required real multiplications for transmission and reception of a given number of multi-carrier symbols. The associated complexity metric depicted in Fig. 12 is defined for each waveform as r C,w = C w C OFDM (19) where C w and C OFDM are the number of real multiplications required to transmit a single multi-carrier symbol for the wth waveform and OFDM, respectively.
Performance comparison
The numerical complexity of all candidates as a function of the length of the transmitted data sequence is illustrated in Fig. 8 . Those complexity curves are obtained considering low complexity equivalent implementations of the transceivers presented in Section 2. Detailed complexity analysis is provided in the Appendix. Table 4 summarizes the complexity overhead of each waveform compared to OFDM. Those overheads are globally limited, thanks to the frequency domain and polyphase implementations of all filtering operations. The most computationally efficient new waveforms are FBMC and GFDM, being five times more complex than OFDM. RB-F-OFDM and UFMC present a higher complexity since each sub-band is generated using FFT operations spanning 10 times more points than the number of data symbols to modulate.
Resilience to power-amplifier non-linearity
To minimize the power consumption and therefore ensure a good energy effiency, power amplifiers are driven near their saturation point at the transmitter, introducing significant non-linearity. The robustness of a waveform to non-linearity is essential since it introduces spectral regrowth (i.e. a broadening of the spectrum) and in-band distortion degrading the transmission MSE [29] .
Performance metrics
The PAPR is often taken as reference to characterize the sensitivity of a signal to non-linear distortions introduced by a non-linear power amplifier (NL PA). This sensitivity is however not fully characterized by the PAPR. In this work, the robustness to a NL PA is therefore additionally characterized using two distinct metrics to quantify the spectral regrowth and in-band distortion. This study is more accurate than the one proposed in [19] that exclusively relies on a PAPR analysis. The formalism of [30] is adopted to quantify spectral regrowth and in-band distortion. In this section, the drive level of the NL PA is characterized by the output back-off (OBO). This OBO is defined as:
OBO (dB) = 10 log 10 P sig P sat (20) where P sat is the saturating power of the PA and P sig is the mean power of the transmitted signal.
To quantify the robustness to spectral regrowth of each candidate, we measure the maximum OBO (OBO SR max ) of the PA such that the spectrum of the amplified signal is still contained in a given emission mask. The considered emission mask is illustrated in Fig. 10 . This mask is inspired from [30] .
The in-band distortion is quantified by the maximum allowable OBO such that the receiver MSE reaches −25 dB.
As advised in [31] , the NL PA was simulated using a modified Rapp model characterized by the AM-AM distortion function NL f (x) and AM-PM distortion function NL g (x) given below:
where x denotes the amplitude of the input signal. Parameters of this PA model are summarized in Table 5 .
Performance comparison
A first insight on the sensitivity of each candidate to PA non-linearity is provided by the PAPR complementary cumulative distribution function (CCDF) curves depicted in Fig. 9 . Those curves were obtained conducting a simulation over 100,000 multi-carrier symbols. All candidates perform very closely to OFDM since they are all multicarrier waveforms with the same number of sub-channels. UFMC presents a slightly higher PAPR (0.5 dB) than the other waveforms. It is worth noting that GFDM was originally presented in [32] as having a lower PAPR than OFDM, thanks to its parallel single-carrier nature. This is however only true if the number of GFDM sub-carriers is lower than in OFDM. Simulations show that reducing the number of sub-carriers in GFDM also reduces its spectral containment. This would destroy its immunity to MUI and reduce its spectral efficiency, making it globally less attractive. In this paper, we therefore only consider the case of a high number of sub-carriers and show that GFDM is an attractive candidate. Spectral regrowth is depicted in Fig. 10 for all waveforms, assuming an OBO equal to −4.60 dB. The maximum OBO's to reach the defined emission mask are given for each waveform in Table 6 . As explained above, those OBO's quantify the spectral regrowth sensitivity. The higher the maximum OBO, the closer the PA can be driven near its saturation point, i.e. the better the energy efficiency.
GFDM is the most robust to spectral regrowth, followed by RB-F-OFDM. As will be explained when treating of inband distortion, FBMC suffers from the loss of OQAM orthogonality due to phase distortion. This explains why FBMC is outperformed by GFDM and RB-F-OFDM that are less spectrally contained. UFMC suffers from its slightly higher PAPR. OFDM still presents the worst performance. Those results are summarized in Fig. 12 where OBO SR max values of Table 6 are reported.
The in-band distortion sensitivity of each waveform is quantified in Table 7 depicting the maximum OBO (OBO ID max ) such that the receiver MSE reaches −25 dB. The receiver MSE of each waveform as a function of the OBO is illustrated in Fig. 11 where OBO values of Table 7 correspond to the intersection between the MSE curve of each waveform and the line corresponding to an MSE of −25 dB. Those results were obtained using a single user and perfectly synchronized scenario. For all modulations, the phase distortion introduced by the modified Rapp PA was partially compensated at the receiver. Any phase rotation is generally included in the channel estimate and is compensated during symbol equalization. However, the 64QAM constellation exhibits symbols with different amplitudes. Symbols with the highest amplitude will undergo a higher phase rotation than symbols closer to the constellation centre. The phase compensation of the equalizer is thus not able to perfectly correct the PA phase distortion.
Looking at the OBO values of Table 7 , we notice that OFDM performs the best, followed by RB-F-OFDM and GFDM. UFMC suffers from its higher PAPR. The bad performance of FBMC is due to the use of the OQAM modulation. A non-linear PA distorts the signal in amplitude and in phase. This generally causes an amplitude spreading together with a rotation of the QAM constellation. Due to OQAM, the OQAM demodulated FBMC received constellation does not suffer from this rotation but the phase distortion of (22) creates an additional amplitude spreading on demodulated QAM symbols. This phenomenon can be explained following the reasoning provided in [33] . Simulations showed that the additional amplitude spread on QAM symbols caused by the phase distortion introduces a bigger MSE degradation than the phase rotation on the constellation of the other waveforms that do not use OQAM, and this at the same drive level of the PA. This increased sensitivity of FBMC could not be explained by simply referring to the PAPR curve of Fig. 9 . The in-band distortion sensitivity of each contender is summarized in Fig. 12 where OBO ID max values from Table 7 are plotted.
Discussion
A global performance overview is provided in Fig. 12 summarizing the main results obtained from the comparison of the previous sections.
Candidates were first compared in terms of spectral efficiency by computing their time-frequency efficiency. The time-frequency efficiency of each waveform is described in Fig. 12 by r tf short and r tf long for short and long bursts, respectively. FBMC suffers from its long filter tails when transmitting short bursts. GFDM is the most spectrally efficient candidate for short bursts thanks to its good spectral containment near the allocation edge. Its reduced CP overhead provided by its particular block structure also improves its performance. Due to the insertion of guard symbols, it is outperformed by FBMC for long bursts.
We also showed that the robustness to nonsynchronized users was closely linked to the spectral containment of the waveform near its allocation edge. FBMC is almost insensitive to time and frequency offsets, followed by GFDM, while OFDM was found to be far more sensitive than all other candidates. In Fig. 12 , this is reflected by the required guard band between nonsynchronized adjacent users inserted to limit the loss of orthogonality as described in Section 5.
New candidates suffer from a numerical complexity overhead compared to OFDM due to their additional filtering operations. The complexity overhead of each candidate compared to OFDM is illustrated by the metric r C in Fig. 12 . Considering optimized implementations, we derived that FBMC and GFDM require five times more real multiplications than OFDM to transmit the same amount of data symbols. Efficient implementations of UFMC and RB-F-OFDM are respectively 15 and 25 times more complex than OFDM.
We finally described the sensitivity of each contender to non-linearity of the PA in terms of spectral regrowth and in-band distortion. Due to their multi-carrier nature, all waveforms require a high output back-off to limit the in-band distortion. FBMC is the most sensitive to inband distortions since it suffers from the use of OQAM. All candidates perform similarly with respect to spectral regrowth. New waveforms still outperform OFDM thanks to their better spectral containment.
The major problem of OFDM is its poor spectrum utilization in a dense non-synchronous scenario, which is a typical scenario expected for 5G.
Being the more robust to non-synchronous adjacent users and presenting the smallest complexity overhead compared to OFDM, GFDM and FBMC seem the more promising contenders. FBMC however suffers from a poor time-frequency efficiency for short bursts. The inherent self-interference in FBMC and GFDM also require an adaptation of legacy OFDM MIMO schemes.
Conclusions
This paper provided an extensive comparison of the main new waveform contenders for an application in the 5G air interface.
We compared FBMC, GFDM, UFMC and RB-F-OFDM in terms of time-frequency containment (spectral efficiency and robustness to time-frequency misaligned users) and energy efficiency (numerical complexity and resilience to power amplifier non-linearity). Their performances were compared to OFDM used in LTE. Presenting the best energy efficiency after OFDM and the best time-frequency containment among all contenders, GFDM seems the most suited waveform for an application in 5G, followed by FBMC.
Even if they perform less well, RB-F-OFDM and UFMC remain attractive because of their easier backward compatibility than GFDM with legacy OFDM systems, especially for MIMO techniques. 
GFDM
For GFDM, we consider a frequency domain equivalent implementation. We refer to papers [34] and [17] for the derivation of the efficient transmitter and receiver schemes, respectively. At the transmitter, each sub-carrier is modulated using an M-point FFT. After a frequency domain up-sampling by a factor 2, the signal is filtered by a 2M-point frequency domain filter and an NM-point IFFT is taken on all sub-carriers to generate the transmitted signal. The principle of the receiver is analogous, except that it includes an additional frequency domain equivalent of the DSIC algorithm described in Section 2. This algorithm is repeated J times and requires to take N times a M-point FFT and a M-point IFFT with an additional frequency domain filtering with an M-point real interference filter. To transmit the same number of symbols, the number of GFDM blocks must be divided by the number of time slots : n b,GFDM = n b /M. The 1-tap FDE before demodulation must also be taken into account. It consists of an NM-point FFT followed by an NM-point IFFT with NM complex multiplications in between to perform the equalization. 
UFMC
The complexity of UFMC is assessed considering the efficient scheme presented in [35] . This implementation relies on the 2N-point FFT based receiver presented in Section 2. The transmitter is however replaced by an equivalent scheme implementing the filtering operations in the frequency domain and using smaller IFFT's to generate the signal. This transmitter modulates each of the B sub-bands as follows. The C frequency domain symbols are first brought to time domain using an N ifft -point IFFT, with N ifft = 128. This time-domain signal is then brought back to the frequency domain by a 2N ifft -point FFT and filtered by a 2N ifft -point frequency domain complex filter. The time-domain transmitted signal is finally generated taking a 2N-point IFFT of the combined B frequency domain signals of each sub-band. This leads to 
RB-F-OFDM
We used the low-complexity polyphase equivalent implementation presented in [7] to assess the computational complexity of RB-F-OFDM. The transmitter consists first of B small OFDM transmitters, as described in Section 2. Those transmitters are composed of an Rpoint IFFT among which only C sub-carriers are loaded. Those OFDM signals then enter a G-point IFFT, with G = N/C. The complex signal finally enters an synthesis polyphase network composed of G branches of realvalued
-point polyphase filters. The principle of the receiver is similar, except that a 1-tap FDE is done for each sub-band at the output of each OFDM receiver. This adds 4C extra real multiplications per multi-carrier symbol.
C RB-F-OFDM, RX =n b B× R log 2 R + 4C
